A low-molecular-weight protein synthesized in yeast mitochondria was purified. The protein was identified as a component of the rutamycin-sensitive ATPase. The amino-acid composition of the purified protein shows an extremely large preponderance of nonpolar residues, which may account for its solubility in chloroform-methanol. Indirect evidence suggests that this component is involved in the conferral of rutamycin sensitivity and may also have a function in the assembly of the ATPase complex.
The rutamycin-sensitive ATPase of yeast mitochondria consists of three functional components: (i) a rutamycin-insensitive ATPase, F1 (1); (ii) a membrane factor that modulates the enzymatic properties of F1, namely, conferral of rutamycin sensitivity (2) ; and (iii), a protein (oligomycin-sensitivityconferring protein) that acts as a link between F1 and the membrane factor (3, 4) . The membrane factor consists of four proteins that are products of mitochondrial protein synthesis (5) . The remaining proteins of the ATPase complex-the five subunit proteins of F1, and oligomycin-sensitivity-conferring protein-are all translation products of the cytoribosomal system (4, 6) .
Purification of mitochondrial products has been hampered by their highly insoluble and hydrophobic character, and the fact that mitochondrial products represent only a very small percentage of the total proteins of the inner membrane (7) . Recently several studies have been reported in which mitochondrial products were found to be soluble in mixtures of chloroform-methanol (8) (9) (10) .
In this communication we report the isolation of a mitochondrially synthesized protein from yeast mitochondria by a procedure involving extraction with chloroform-methanol and thin-layer chromatography. The protein was purified to homogeneity and its amino-acid compositioi was characterized. Evidence is also presented indicating that the purified protein is a subunit of the membrane factor of the ATPase complex.
MATERIALS AND METHODS
Procedures for preparation of the rutamycin-sensitive ATPase (11) , antiserum to the ATPase (5), and submitochondrial particles of yeast (2) have been described, The mitochondrial products of yeast mitochondria were labeled with -[4,5-8H]-Abbreviation: F,, rutamycin-insensitive ATPase and coupling factor 1. * This paper is no. XI of a series. The preceding paper in this series is ref. 16. 3155 leucine (purchased from the International Chemical and Nuclear Corp., California; specific activity 55 Ci/mmol) under described conditions (5) . Gel electrophoresis was done on 7.5% polyacrylamide gels in the presence of Na dodecyl sulfate under the conditions of Weber and Osborn (12) . Amino-acid analyses were performed with a Beckman model 120C amino-acid analyzer. Protein was estimated by the method of Lowry et al. (13) .
The mitochondrially synthesized subunits (membrane factor) of the rutamycin-sensitive ATPase complex can be precipitated from a Triton X-100 extract of yeast submitochondrial particles with antiserum to the ATPase (5). This antibody precipitate was the starting material used for purification of the mitochondrial product.
The following procedure was used: (1) The antibody precipitate was suspended in 5 mM Tris-acetate (pH 7.5) at a protein concentration of 20 mg/ml and extracted with 10 ml of methanol per ml of the protein suspension for 1 hr at room temperature. The mixture was centrifuged at 2500 X g for 10 min and the supernatant was discarded. The pellet was homogenized in 90% methanol (10 ml/ml of starting suspension) and incubated for 30 min at room temperature. The mixture was centrifuged at 2500 X g for 10 min and the supernatant was discarded. (2) The twice-extracted pellet was homogenized in chloroform-methanol 2: 1 (v: v) at a ratio of 3 ml/ ml of the starting suspension of the antibody precipitate. The mixture was incubated for 30 min at 550 and centrifuged in stainless steel centrifuge tubes at 27,000 X g for 20 min. The supernatant was collected and the pellet was discarded. This supernatant will henceforth be referred to as the C-M extract. ( 3) The C-M extract was dried under reduced pressure in a flash evaporator. The residue was dissolved in chloroform-methanol 2:1 at a ratio of 0.3 ml/ml of the starting suspension and then precipitated with four volumes of ether for 30 min at 0°. This step was repeated three times. The final precipitate was dissolved in chloroform-methanol 2:1. (4) The material obtained after the three ether precipitations was applied to a thin-layer chromatography plate (Silica gel G, E. M. Merck, Germany). For optimal separation, 5 The scrapings were then extracted with 5 ml of chloroformmethanol 2: 1 containing 20 mM HCl for 30 min at room temperature. The supernatant obtained after centrifugation at 2000 X g for 10 min was saved and the silica gel was reextracted in the same fashion three times. All extracts were combined and dried under nitrogen. The residue was suspended in chloroform-methanol 2: 1 at a protein concentration of about 0.5 mg/ml and precipitated with four volumes of ether for 30 min at 0°. The ether precipitation was repeated three times. At this point the protein was insoluble in water and partially soluble in chloroform-methanol. t This value is an approximation since the tyrosine peak on the chromatogram was too small to allow an accurate calculation.
RESULTS
Purification of a Mitochondrial Product of the A TPase Complex. Table 1 summarizes the recovery of radioactivity during purification of the mitochondrial product. The mitochondrial products of yeast were labeled in vivo with [8H]-leucine in the presence of cycloheximide and precipitated from a Triton extract of submitochondrial particles with antiserum to the ATPase. Chloroform-methanol extracted 75% of the counts from the antibody precipitate; 92% of the counts present in the extract were recovered from the darkest staining spot of the thin-layer chromatography plate. The recovery of counts from the darkest iodine spot ranged from 70-92% in different experiments.
The distribution of counts on the thin-layer plate is shown in Fig. 1 . The majority of counts were consistently associated with the darkest spot made visible with iodine. Although a variable but small percentage of radioactivity was present in the other two spots on the plate, the identity of these compounds was not established.
The homogeneity of the purified mitochondrial product was determined by gel electrophoresis. The radioactivity profile of the purified protein (Fig. 2) shows only one labeled band. When a duplicate gel was stained with amido black, only one stained band was found whose position in the gel coincided with that of the radioactivity. Fig. 1 ) was subjected to gel electrophoresis in a 7.5% polyacrylamide gel in the presence of 0. 1% Na dodecyl sulfate. The gel was sliced into 1-mm sections, digested with 6%o H202, and counted. Arrow indicates the position of the tracking dye. The top of the gel is on the left.
The amino-acid analysis of the purified protein (Table 2) points to its hydrophobic nature. Over 75% of the total residues consist of nonpolar amino acids. Lysine, arginine, aspartic acid, and glutamic acid, the most polar amino acids, comprise only 12-13% of the total amino acids. The protein does not contain histidine, which was present only in trace amounts and could not be estimated.
Because of its insolubility in aqueous systems, molecular weight determination of the purified protein by conventional procedures was not possible. The molecular weight was therefore determined on a polyacrylamide gel in the presence of Na dodecyl sulfate (12) . In a calibrated 10% acrylamide gel, the apparent molecular weight was about 7500.
The mitochondrial products of the ATPase are not incorporated into a functional ATPase when yeast are incubated in the presence of cycloheximide (5). It was, therefore, of interest to establish whether the mitochondrial product purified from cells incubated in cycloheximide is also present in the native ATPase. Thus, submitochondrial particles were prepared from baker's yeast. The ATPase was extracted by the Triton procedure and precipitated with antiserum. The antibody precipitate was then processed by the same procedure used to purify the mitochondrial product. The material obtained from the thin-layer plate was mixed with the purified 3H-labeled mitochondrial product, and the mixture was analyzed by gel electrophoresis. Only one band was discernible when the gel was stained with amido black. When the gel was analyzed for distribution of radioactivity, the counts coincided with the stained band (Fig. 3) . The specific activity of the mitochondrial product used as a marker was sufficiently high that it did not contribute to the stain. These results suggested that the protein purified from the native ATPase is identical to the mitochondrial product synthesized in the presence of cycloheximide.
Amino-acid analysis was done on the protein purified from the native ATPase. The amino-acid composition of this ATPase component ( Table 3 ) agreed with that obtained for the mitochondrial product (Table 2) , further pointing to the identity of the two proteins.
Identity of the Purified .Mitochondrial Product with Subunit 9 of the Rutamycin-Sensitive ATPase. It was of interest to establish the identity of the purified mitochondrial product with the previously reported subunits of the ATPase complex. was mixed with the purified 3H-labeled mitochondrial product and separated on a 7.5% polyacrylamide gel. The specific activity of the tritiated protein was high enough that it did not contribute to the stained band. The stained gel was sliced into 1-mm thick sections, which were digested in 6% H202 and counted. Arrow indicates the position of the tracking dye. The top of the gel is on the left.
Four subunits of the ATPase have been identified as mitochondrial products. One of the mitochondrial products in the ATPase was a low-molecular-weight protein that migrated ahead of the tracking dye and was designated as subunit 9 (5).
Rutamycin-senesitive ATPase was purified from yeast grown under derepressed conditions in the presence of ['4C]leucine. The '4C-labeled ATPase was purified by the procedure of Tzagoloff and Meagher (11) and mixed with a purified preparation of the 3H-labeled mitochondrial product; the mixture was subjected to gel electrophoresis. The gel was analyzed for distribution of the two isotopes. The migration of the tritiated protein was identical to that of the 14C-labeled subunit 9 of the native ATPase (Fig. 4) . These results indicate that the purified mitochondrial product is subunit 9 of the rutamycin-sensitive ATPase. Cochromatography of 4C-labeled ATPase witf} 3H-labeled mitochondrial product. Yeast were aerobically grown in 100 ml of 0.8% glucose medium containing 0.1 mCi of [14C]-leucine for 17 hr at 300. The cells were used to prepare the rutamycin-sensitive ATPase (11) . The purified enzyme vas precipitated with antiserum and the antibody precipitated thus obtained (38,000 cpm) was mixed with 6500 cpm of the purified 3H-labeled mitochondrial product and 10 u~g of cytochrome c.
The mixture was separated on a 7.5% polyacrylamide gel in the presence of 0.1% Na dodecyl sulfate. The gel was stained with amido black to localize cytochrome c, sliced into 1-mm sections, and counted. The ATPase proteins are numbered by the reported convention (11) . The blocked trace represents the 14C counts, and the circles the 3H counts. Corrections were made for the spillover of the two isotopes. The top of the gel is on the left. Arrow, cytochrome c. Purification of Subunit 9 from Submitochondrial Particles.
Since workable yields of subunit 9 from the antibody precipitate of the ATPase requires large amounts of antiserum, it was desirable to find a simpler procedure for purification of the protein. The purification procedure used to purify subunit 9 from the antibody precipitate was tried directly on submitochondrial particles prepared on a large scale from commercial baker's yeast. When the thin-layer plate was stained with iodine, one major and several minor spots were observed. Only the darkest staining spot on the plate was extracted. Table 4 shows the recovery of protein during the purification procedure. The purified protein was mixed with 3H-labeled subunit 9 and subjected to gel electrophoresis. When the gel was stained with amido black, only one stained band was visible which corresponded to the radioactive peak (Fig. 5) . In this experiment also, the amount of the labeled marker protein applied to the gel was too small to contribute to the stain.
The analyses reported in Table 5 show that the protein purified directly from submitochondrial particles has an amino-acid composition similar to that of subunit 9 of the ATPase complex and is probably identical to the latter.
A minimal molecular weight was calculated from the aminoacid composition. With the assumption that the protein contains only one residue of arginine, the minimum molecular weight is 8900. This value is probably underestimated since tryptophan and cysteine were not analyzed. Since the protein is unusually hydrophobic, the weight ratio of bound Na dodecyl sulfate may be larger for this protein than the average calculated by Reynolds and Tanford (14) for most proteins. The Thin-layer chromatography spot 1.9
Submitochondrial particles were prepared from commercial baker's yeast. The particles were suspended in 5 mM Tris-acetate (pH 7.5) at a protein concentration of 20 mg/ml. Subunit 9 was purified from 100 ml of particles by the procedure in Methods.
higher charge due to the extra Na dodecyl sulfate would result in a faster migration in the gel, thus leading to an underestimation of its molecular weight by the gel-electrophoresis method (12) . DISCUSSION Certain enzymes of the inner membrane contain subunit proteins that are synthesized in the mitochondrion. Cytochrome oxidase contains three such subunits (15, 16) . Similarly, the rutamycin-sensitive ATPase contains four proteins that are derived from the mitochondrial system of protein synthesis (5) .
These studies raise several important questions concerning the function of the mitochondrial products. For example, it is not known whether they are catalytic or structural subunits of membrane enzymes. There is also nothing known about their role in the integration of cytoplasmically synthesized proteins into the membrane during assembly of the enzymes. In order to examine these questions it was essential to have available purified preparations of mitochondrial products from known inner membrane enzymes.
This communication details a method for purifying a subunit of the rutamycin-sensitive ATPase that is synthesized in the presence of cycloheximide, a specific inhibitor of cytoribosomal protein synthesis (17) , indicating that it is a product of mitochondrial protein synthesis. The same procedure was used to obtain the protein from the rutamycin-sensitive ATPase as well as directly from submitochondrial particles. The purified protein was identified as the lowest molecular weight subunit of the ATPase complex (subunit 9), based on its migration of Na dodecyl sulfate-polyacrylamide gels.
The protein is soluble in chloroform-methanol and, therefore, can be classified as a proteolipid. Amino-acid analyses of the purified material indicate a high proportion of nonpolar amino-acid residues. A polarity of 0.23 has been calculated from the formulation proposed by Capaldi and Vanderkooi (1978) Assembly of the Mitochondrial Membrane System 3159 (19) . These authors report that most soluble proteins tend to have a polarity close to 0.45 while membrane proteins exhibit lower values. The least polar protein found-a proteolipid of brain tissue (18)-has a polarity of 0.28. The unusually hydrophobic composition of subunit 9 may explain its lack of solubility in aqueous solvents and solubility in chloroformmethanol.
The question has been raised whether in an uncoupled system (i.e., when cytoplasmic protein synthesis is inhibited) mitochondria form finished protein products. The results presented in this communication indicate that mitochondria are capable of synthesizing complete proteins in the presence of cycloheximide. The evidence rests on the finding that subunit 9 purified from yeast incubated in the presence of cycloheximide is indistinguishable in its amino-acid composition from subunit 9 purified from a functional ATPase complex.
We previously found that the major mitochondrial product formed in vivo in yeast mitochondria is a protein with a molecular weight of 45,000 (8) . This protein is quantitatively converted to a protein with a molecular weight of about 7500 when mitochondria are exposed to organic solvents or to alkaline conditions (8) . The low-molecular-weight form of the protein is quantitatively extracted with neutral chloroformmethanol and is identical to the purified subunit 9 reported here. Acidic chloroform-methanol, on the other hand, extracted all of the radioactively labeled mitochondrial products (8) . Burke and Beattie (20) studied the mitochondrial products formed in vitro by rat-liver mitochondria. In their studies, up to 16% of the total counts incorporated into mitochondrial products were soluble in neutral chloroform-methanol. The major product found in the proteolipid fraction was a protein with a molecular weight of 40,000. The failure of these authors to observe the small proteolipid reported here may be either due to the difference in the labeling conditions used-i.e., the protein may not be synthesized by isolated mitochondriaor that in rat-liver mitochondria the protein is not converted to the low-molecular-weight form by organic solvents.
It is not surprising that a subunit of the ATPase complex should be a major product of mitochondrial protein synthesis since this enzyme constitutes a large portion of total inner membrane mass (21) . The membrane factor of the ATPase is essential for rutamycin sensitivity (2) . Since subunit 9 is a component of this factor it may contain the site of inhibition by rutamycin. Dicyclohexylcarbodiimide has been postulated to inhibit the ATPase at the same site as rutamycin. Cattell et al. (22) have purified a low-molecular-weight proteolipid which specifically binds dicyclohexylcarbodiimide from beefheart mitochondria. Stekhoven et al. (23) have shown the presence of a similar protein in the beef ATPase complex.
Their results suggest that dicyclohexylcarbodiimide binds to a low-molecular-weight protein that is soluble in chloroformmethanol. These properties appear to be similar to those of subunit 9, suggesting that it may be the same protein and therefore contain the site of dicyclohexylcarbodiimide and rutamycin binding. Subunit 9 may also play an important function in assembly of the ATPase. When mitochondrial protein synthesis is inhibited in yeast, the cytoplasmic products of the ATPase (F1 and oligomycin-sensitivity-conferring protein) are synthesized but are not integrated into the membrane (5). In the absence of mitochondrial protein synthesis there is therefore no assembly of the rutamycin-sensitive ATPase. The capacity of the membrane to bind F1 and oligomycin-sensitivity-conferring protein and confer rutamycin sensitivity increases when cytoplasmic protein synthesis is inhibited, conditions that also lead to synthesis of the membrane factor and subunit 9 (5). A reasonable sequence for the assembly of the ATPase based on these findings may be an initial synthesis of subunit 9 as well as the other proteins of the membrane factor which then provide the appropriate sites in the membrane for a subsequent attachment of F1 and oligomycin-sensitivity-conferring protein.
